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In  large  experimental  thermonuclear  Installations  with  adiabatic 
magnetic  compression  of  the  plasma,  there  is  required  in  a  number 
of  cases  the  creation  of  magnetic  fields  of  trapezoidal  shape  with 
the  duration  of  the  peak  exceeding  by  1  to  2  orders  of  magnitude 
the  duration  of  the  pulse  front.  For  satisfaction  of  these  re¬ 
quirements,  several  variants  of  pulse  systems  were  developed:  1) 

A  two  stage  system  using  a  capacitor  battery  and  a  direct  current 
generator  with  a  special  device  for  separating  high  voltage  and 
low  voltage  circuits;  2)  A  two  stage  circuit  with  a  capacitor  bat¬ 
tery  and  an  inductive  accumulator,  charged  by  a  capacitor  battery 
of  comparatively  low  voltage;  3)  A  two  stage  system  with  the  use 
of  a  capacitor  battery  and  an  artificial  line.  An  analysis  of 
the  processes  in  the  developed  system  is  considered.  The  princi¬ 
pal  data  and  parameters  of  the  pulse  systems  are  presented. 
[APII23O67] 
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V 


SYSTEMS  FOR  THE  GEMERATION  OF  HIGH-POWER 
PROGRAMMED  PULSES  IN  APPARATUS  WITH 
ADIABATIC  MAGNETIC  COMPRESSION 
OF  PLASMA 


A.  M.  Stolov,  Doctor  of  Technical  Sciences; 
S.  M.  Spevakova,  Candidate  of  Technical 
Sciences;  B.  A.  Larionov,  Engineer; 
and  D.  Ye,  Zavarln,  Engineer 


The  authors  discuss  methods  for  shaping 
high-power  pu.'.ses  in  an  inductive  load.  An 
anaj.ysl£  is  made  of  the  processes  occurring 
in  the  systems  considered,  with  methods  pre¬ 
sented  for  the  selection  of  circuit  elements. 
Pertinent  data  are  cited  for  the  pulse  circuits 
developed . 


In  large  experimental  thermonuclear  apparatus  with  adiabatic 
magnetic  compression,  special  requirements  are  sometimes  demanded 
of  the  character  of  the  variation  of  the  magnetic  fields  in  time. 

In  equipment  of  this  type  the  field  rise  time  is  limited  by  the 

conditions  affecting  the  reduction  of  plasma  losses  in  the  trap, 

-2 

and  normally  should  not  exceed  10  -10  s,  while  in  seme  cases 
it  should  be  even  less.  Along  with  this  rather  stringent  require¬ 
ment  for  systems  with  a  high  energy  margin,  the  pulse-power  systems 
for  apparatus  with  adiabatic  magnetic  compression  must  ensure, 
following  the  rise  of  the  field,  that  this  field  will  be  maintained 
at  its  assigned  value  for  a  period  of  time  more  than  1-2  orders  of 
magnitude  greater  than  the  duration  of  the  leading  edge  of  the 
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pulse.  This  factor  has  necessitated  the  development  of  special 
programmed  supply  systems  of  extremely  high  power  for  a  variety  of 
experimental  apparatus. 

In  these  situations  pulse-shaping  methods  using  tube  circuits 
and  nonlinear  elements  are  Inapplicable  because  of  power  deficits. 

On  the  other  hand,  the  direct  use,  for  these  purposes,  of  artificial 
lines  Is  Inadvisable  for  systems  with  heavy  energy  reserve  because 
of  the  low  utilization  factor  of  the  line's  energy  margin  when 
working  with  an  actlve-lnductlve  load. 

It  will  be  recalled  that  the  required  field  pulse  form  In 
apparatus  with  adiabatic  plasma  compression  can  be  achieved  for 
systems  In  which  It  la  technically  expedient  to  design  the  excitation 
winding  with  a  time  constant  greater  than  the  required  pulse 
duration.  In  this  case,  the  rapid  bulld-up  of  the  field  may  be 
accomplished  through  the  use  of  the  energy  of  a  precharged  capacitor 
battery,  with  the  field  held  constant  by  shorting  out  the  oscilla¬ 
tory  circuit  formed  by  the  capacitor  battery  and  the  load  at  maximum 
current.  This  type  of  circuit  calls  for  the  use  of  switching 
devices  rated  for  a  relatively  long  current  flow  with  a  comparatively 
low  firing  voltage  as  compared  to  the  voltage  applied  to  the 
switching  element. 

More  complex  is  pulse-shape  programming  In  systems  which 
require  substantial  power  to  raise  the  field  and  which  possess  a 
time  constant  which  Is  small  with  respect  to  the  duration  of  the 
pulse.  This  kind  of  problem  is  encountered,  for  example,  in  the 
design  of  stellarator  traps  and  probkotrons* with  a  comparatively 
low  firing  voltage  as  compared  to  the  voltage  applied  to  the 
switching  element. 


•[Translator's  Note:  The  term  "probkotron"  Is  given  here 
exactly  as  It  appears  In  the  Russian  text.  The  precise  meaning  is 
unclear.  The  root  "probka"  may  variously  Indicate  a  plug,  a  plug- 
type  fuse,  a  kind  of  end-stopper,  or  a  plug  gage,] 
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The  analysis  conducted,  along  with  a  comparison  of  different 
methods  of  pulse-shaping,  has  Indicated  that  in  many  cases,  for  the 
parameter  ratios  ■'ndlcated,  the  best  approach  is  through  the  use  of 
two-stage  systems  consisting  of  two  power  supplies  operating 
against  a  common  load.  One  of  these  sources  is  to  generate  the 
necessary  power  to  raise  the  field  and  must  have  an  energy  assurance- 
factor  store  approximately  correspon'^1;  g  to  the  energy  of  the 
magnetic  field  of  the  load;  the  second  fO’U'c.j  is  designed  to  cover 
the  active  losses  for  the  flat  portion  of  the  pulse. 

A  capacitor  battery  provides  a  convenient  energy  source  for 
building  up  the  field  within  a  broad  range  of  energy  margins,  while 
the  selection  of  the  second  power-supply  unit  depends  on  the  power 
of  the  active  losses  and  the  pulse  duration.  Possible  alternatives 
for  this  second  source  might  be  a  direct-current  generator,  an 
inductive  storage  circuit  (tank),  or  an  artificial  line.  The 
applied  features  of  each  of  these  three  options  were  investigated. 


A  two-stage  system  consisting  of  a  capacitor  battery  and  a  dc 
generator  's  capable  of  shaping  pulses  of  the  form  shown  in  Pig.  1. 


Fig.  1.  Generated 
pulses . 


These  pulses  are  formed  by  the  periodic 
(within  time  intervals  t)  discharge  of 
the  capacitor  battery  across  a  rectifier 
switching  device  to  the  load  in  such  a 
way  that  the  battery  discharge  current  is 
directed  in  opposition  to  the  generator 
current.  The  implementation  of  this 


circuit  entails  certain  technical  difficulties  occasioned  by  the 
need  to  keep  the  circuits  separate  and  the  substantial  difference 
in  the  voltage  levels  of  the  battery  and  generator  (the  latter 
designed  to  cover  the  active  losses),  as  well  as  by  the  need  to 
restrict  to  a  permissible  value  the  maximum  rate  of  change  of  the 
generator  current  derivative  during  the  pulse. 


A  special  pulse-shaping  circuit  was  devised  (Pig.  ?)  whose 
use  virtually  eliminates  the  variable  component  In  the  dc  generator 
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Pig.  2.  DC  generator  pulse¬ 
shaping  circuit:  0  -  gener¬ 
ator;  L^,  r^^  -  load  param¬ 
eters;  L2>  ^2 

reactor  parameters;  L^*  L||  - 

protective  reactor;  C^,  C||  - 

capacitor  batteries  of  primary 
and  compensating  circuits. 


circuit,  while  at  the  same  time  ensuring  an  acceptably  reliable 
separation  of  circuits  [1]. 

This  separation  of  the  dc  circuit  and  the  capacitor  battery 
discharge  circuit  Is  brougnt  about  through  the  Introduction  of  a 
supplementary  compensating  circuit,  the  parameter  ratio  of  which 
r^,  C^,  r^,  Is  so  selected  that  the  discharge  frequency  and 
attenuation  equal  the  frequency  and  attenuation  of  the  fundamental 
circuit.  The  selection  of  the  compensating  circuit  parameters  Is 
basically  dictated  by  economic  considerations  (minimum  total  cost  of 
the  Inductance  and  capacitance  of  the  circuit).  Since  the  pos¬ 
sibility  of  capacitor  breakdown  must  be  kept  In  mind  when  working 
with  large  capacitor  batteries  (resulting  in  the  possible  flow  of 
sizable  pulsed  currents  across  the  dc  source),  the  circuit 
encorporates  a  double-coil  balanced  reactor-llmlter  L^,  .  The 

latter  must  be  designed  with  reasonably  good  magnetic  coupling 
between  the  colls  lest  It  limit  the  discharge  current  under  normal 
operating  conditions. 

Precharged  capacitor  batteries  and  discharge  simulta¬ 
neously  across  switching  valve  V.  In  the  discharge  phase  the 
voltages  on  and  are  In  opposition.  In  operator  form  the 
current  flowing  across  the  dc  generator  during  the  discharge  period 
of  capacitors  and  can  be  represented  by  the  following 
expression: 
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(1) 


where 


(iV  +  p^i 

-(^.+>.-f«|-)[/(-s(i  +  T7)l 


1  ll 

*i*=/«  +  p£,  +  ^gej-,  =  r*  + />i4  +  ^» 

N^pLJu-f'u.  K=.M,/„-l/,.. 

S  =»  pLtiff  —  pl-iitt  +  £»> 

M  is  the  mutual  Induction  coefficient  between  the  branches  of  the 
protective  reactor;  Eq  Is  the  generator  voltage;  I^q,  I2Q  are  the 
Initial  values  of  the  cirrent  In  load  and  In  reactor  L2;  U^q,  U^q 
are  the  initial  values  of  the  voltage  of  capacitor  batteries 
and  C^. 


In  order  that  during  the  discharge  of  capacitor  batteries 
and  no  variable  component  be  present  in  the  generator  circuit 
and  the  current  equal  the  constant  value  Iq,  the  circuit  parameter 
ratios  must  be  determined  by  the  equations: 


r,»4.-r,r,  +  g;-— ^  =  0. 

(2) 

—  olt  ==  .b  (r,  —  Ti), 

(3) 

' —  tti»  —  (till)- 

(4) 

ft  '■»  ft 

rr  ■C7=®-, 

(5) 

On  the  basis  of  the  circuit  arrangement  described  above,  a 
feed  system  was  developed  for  the  magnetic  trap  of  an  experimental 
apparatus  representing  a  probkotron  with  a  stabilizing  field  and 
adiabatic  plasma  compression.  The  basic  parameters  of  this  feed 
system  are  cited  in  the  following  table. 


5 


Table 


Parameters 

Primary  field 

excitation 

system 

Stabilizing 
field  exci¬ 
tation  system 

Capacitor  battery  energy 

6 

6 

store,  J . . 

1.7*10 

10° 

Maximum  voltage,  kV . 

10 

5 

Maximum  current,  A . 

16*10^ 

15.7*10^ 

Maintenance  duration  of 

assigned  field  value,  s . 

0.3-0. 5 

0.3-0. 5 

Field  rise  time,  s . 

is-io"^ 

15*10“^ 

Maximum  dc  generator  power,  kW. 

12-10^ 

11.8*10^ 

This  circuit  can  be  recommended  for  systems  in  which  the  power 

■3  Ij 

of  the  active  losses  is  relatively  restricted  (e.g.,  10-10  kW), 
but  In  which  a  considerable  pulse  duration  (fractions  of  a  second 
and  more)  occasions  the  need  to  spend  large  energy  reserves  on  the 
losses . 

A  two-stage  shaping  circuit  for  heavy  pulsed  currents  was 
devised  and  tested.  In  which  an  Inductive  storage  device  (tank)  was 
employed  as  the  second  stage  [2].  In  this  arrangement  (Fig.  3)  a 
fast  build-up  of  the  current  In  winding  is  ensured  by  high- 
voltage  low-induction  capacitor  battery  C^,  with  the  pulse  plateau 
formed  by  connecting  In  series  with  the  load,  at  the  proper  time, 
the  storage  Inductance  Lq  in  which  there  has  been  pre-exclted  a 
current  from  the  relatively  low-voltage  capacitor  battery  This 

arrangement  provides  for  the  shaping  of  heavy  pulsed  currents  by 
ms  of  the  Inductive  circuit  without  the  use  of  disconnecting 
Switching  apparatus.  Current  switching  is  handled  by  controlled 
spark  gaps  which  cut  In  the  circuit  elements  according  to  the 
appropriate  time  sequence.  The  duration  of  the  pulse  plateau 
depends  on  the  sum  time  constant  of  the  load  and  tank.  The  nature 
of  the  process  Is  markedly  affected  by  the  presence  of  stray 
(spurious)  inductances  in  the  system.  Spurious  parameters  lead  to 
the  occurrence  in  the  load  current  of  superimposed  variable 
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Fig.  3.  Pulse-shaping  circuit  with  inductive 
storage  device  (tank):  P^,  P^  -  spark 

gaps;  -  load;  Lq  -  inductive  storage  device; 

L,  Lq^  -  stray  inductances;  C^,  - 

capacitor  batteries. 


components  of  comparatively  high  frequency.  In  large  measure,  the 
amplitude  of  these  components  is  determined  by  the  firing  potential 
of  spark  gap  P2  and  also  by  the  +  L/L^  Inductance  ratio. 

The  expression  for  the  load  current  following  the  connection 
of  spark  gap  P2  appears  as  follows: 

r-V(O)-  + 

’  +  (> + (f)  - 

~  (l  +  y)  ^  ^  ^ 


where  1q(0),  1^(0)  are  the  currents  of  inductances  Lq  and  L^, 
respectively,  at  the  moment  of  engagement  of  spark  gap  P2;  Uq  and 
are  the  voltages  to  these  inductances  at  the  moment  of  engagement . 


.  (/•  + 
'+IT+T;;; 


•ft.,) 


(8) 


By  selecting  the  initial  conditions  so  that 


the  current  expression  will  assume  the  form: 
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(9) 


where  »  Uq  -  Is  the  firing  voltage  for  s^iark  gap  P2. 

In  accordance  with  this  circuit  arrangement,  an  apparatus  was 
designed  having  the  following  parameters: 


Maximum  current  value  In  coll,  kA .  280 

Current  rise  time  to  maximum  value,  s....  16*10“^ 

Current  decay  time  to  half  the  maximum  ' 

value,  s .  1.8*10  , 

Stored  energy  of  battery  C^,  kJ .  I60 

Voltage  of  battery  C^,  kV .  50 

Stored  energy  of  battery  C2,  kJ .  500 

Voltage  of  battery  C2,  kV .  5 


The  switching  elements  used  Included:  P^,  ^2  "  vacuum 
arrestors;  P^  -  spark  gaps. 


Figure  ^  shows  oscillograms  of  the  current  In  the  load. 
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Fig.  Load  current  oscil¬ 
lograms  . 


This  two-stage  Inductive  tank  circuit  can  be  successfully 

c  y 

used  In  hlgh-power  (about  10-10  kW)  magnetic  systems,  but  of  the 
kind  having  realtlvely  low  energy  storage  corresponding  to  short 

-■3  _2 

pulses  of  about  10  -10  s  duration.  With  this  circuit,  by 

making  fairly  stringent  demands  cn  the  constancy  of  the  current 
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in  the  working  interval,  it  is  possible  to  use  only  a  negligible 
portion  of  the  energy  stored  in  the  inductive  tank  and,  thus,  of 
the  capacitor  battery  energy  as  well. 


More  advantageous  in  terms  of  power  is  a  two-stage  arrangement 
in  which  the  second  stage  is  an  artificial  line.  Before  considering 
the  ratios  in  a  two-stage  circuit  of  this  type,  let  us  note  that 
when  an  artificial  line  is  directly  employed  for  pulse-shaping  with 
an  active-inductive  load, the  utilization  factor  of  the  energy 
stored  in  the  line  is  comparatively  low  and  is  characterized  by 
the  expression: 

nr’  (10) 


where  W  is  the  electromagnetic  energy  of  the  load;  Vl^  are  the  active 
energy  losses  in  the  load  during  the  pulse;  is  the  energy  stored 
in  the  line;  t.^  is  the  duration  of  the  flat  portion  of  the  pulse; 
t.  Is  the  rise  time  of  the  pulse;  T  ^  is  the  load  time  constant. 

m  *  3M 


A  two-stage  circuit  using  an  artificial  line  [3]  is  shown  in 
Pig.  5.  The  rapid  build-up  of  the  magnetic  field  in  the  load  is 
achieved  by  the  discharge  of  precharged  capacitor  .^ttery  Cq  when 
switching  element  K1  is  cut  into  the  circuit.  After  the  load 
current  has  attained  its  maximum  value  i^,  the  artificial  line  is 
connected  to  the  load  by  means  of  switching  element  K2,  its 
capacitors  having  been  charged  to  voltage  E^.  By  properly  matching 
the  parameters  of  the  line  and  the  system  voltages,  the  current 
can  be  kept  constant  in  the  load  within  the  required  time  frame 
(Fig.  6). 


Pig.  5.  Pulse-shaping  circuit 
using  artificial  line:  Lq,  R  - 

load  parameters;  Cq  -  capacitor 

battery  for  initial  field  exci¬ 
tation;  K^,  -  switching 

elements . 
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Fig,  6.  Generated  pulse. 


The  line-capacitor  charge  voltage  Eq  must  be  so  selected  as 
to  meet  the  condition 

(11) 

where  Uq  *  IqR  is  the  voltage  of  capacitor  battery  Cq  at  the  moment 
the  line  is  connected;  p  is  the  characteristic  Impedance  of  the  line; 
R  is  the  load  resistance. 

It  is  possible  to  show  that,  disregarding  the  losses  In  the 
line,  the  load  current  can  be  represented  in  operator  form  by  the 
following  series  [Translator's  Note:  in  which  the  subscript  letter 
’’h”  beneath  the  "i”  Indlcateds  "load"]: 

+«-*•'(»- X) (I M  + 

+  (12) 


where 


»  ^ £Kj|£j+_£fC^_+p— 


L,  C  are  parameters  of  the  line  elements;  I  is  the  length  of  the 
line. 


Within  a  time  Interval  equal  to  twice  the  transit  time  of  the 
wave  in  the  line,  the  current  in  the  load  is  kept  virtually  constant, 
after  which  this  constancy  is  lost,  with  the  current  representing 
the  sum  of  the  damped  harmonic  components. 

To  reduce  the  total  energy  stored  in  the  line  it  is  recommended 

that  the  parameters  be  chosen  so  that  p  =  R,  In  this  event, 

disregarding  line  losses,  the  utilization  factor  for  the  energy  of 

capacitor  battery  Cq  and  the  capacitors  of  the  line  will  be  close 
to  one. 
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Note  that  the  use  of  these  two-stage  pulse-shaping  systems 
with  capacitor  batteries  as  the  first  stage  Is  recommended  whenever 
the  naagnetlc  field  energy  does  not  exceed  10^  J.  Further  Increases 
in  magnetic  field  energy  will  require  the  development  of  special 
hlgh-power  pulse  sources  designed  according  to  other  principles. 
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